Introduction {#sec1}
============

The persistence of monomethylmercury (MeHg) is an environmental concern due to its propensity to biomagnify in aquatic food webs and impart health risks to humans and wildlife.^[@ref1],[@ref2]^ MeHg production in the aquatic environment occurs primarily by anaerobic microorganisms harboring proteins encoded by the *hgcA* and *hgcB* genes.^[@ref3]^ Hg-methylating microorganisms include certain sulfate- and iron-reducing bacteria, methanogens, and other syntrophs^[@ref3]−[@ref9]^ and are ubiquitous across anaerobic niches around the globe. Their presence and abundance appear to be independent of total Hg and MeHg concentrations.^[@ref8]^ Thus, the amount of inorganic Hg (Hg(II)) that is bioavailable to these organisms is an important factor for understanding and possibly controlling Hg(II) methylation rates in anaerobic settings.^[@ref10]^

While assessments of Hg-contaminated sites require an understanding of Hg bioavailability for methylation, quantification of the bioavailable fraction remains a challenge, partly due to the complexity of Hg speciation in the environment and the poor understanding of the Hg uptake process into methylating microbes. In anaerobic habitats, Hg(II) tends to be predominantly bound to organic matter and sulfides,^[@ref10]−[@ref12]^ both in dissolved and particulate forms. Because of the high affinity of Hg^2+^ for reduced sulfur binding site, Hg(II) uptake into microorganisms likely involves thiolate-based membrane transporter or biotic ligand.^[@ref10]^ Thus, Hg species in soil and water have varying degrees of reactivity and bioavailability at cellular interfaces, resulting in a dependence of MeHg production rates on Hg speciation.^[@ref13]−[@ref16]^

Potential strategies for predicting or quantifying the amount of bioavailable Hg(II) in water and sediments include measurements of the "dissolved" or filter-passing phase (typically 0.2 or 0.45 μm nominal pore size) or the solid-to-aqueous Hg partition coefficient *K*~*D*~ where the aqueous fraction is defined by this filter-passing phase. Despite this widely employed approach, the filter-passing Hg concentration or *K*~*D*~ rarely correlate with Hg methylation rates or MeHg concentration.^[@ref15],[@ref17]^ Another approach is to infer Hg speciation using chemical equilibrium speciation models and assume that a subset of dissolved species are bioavailable. However, these models require assumptions of equilibrium conditions that are often unjustified for Hg species undergoing dynamic transformations, or the models do not adequately account for the variety of Hg species (e.g., colloidal phases of Hg) that could fall in the filtered fraction.^[@ref10]^ Others have also proposed the use of sequential or selective extractions of Hg as measurements of the biologically reactive fraction.^[@ref17]−[@ref20]^ For example, these methods employ chemical reagents such as a strong acid, strong base, Hg-reducing agent, ethylating agent, or a model biotic ligand such as glutathione (GSH).^[@ref17]−[@ref20]^ However, only one of these methods, the GSH-based selective extraction,^[@ref17]^ has been tested in experiments that systematically varied Hg bioavailability in microcosms while controlling for the methylating community. Regardless, these methods are *ex situ* applications that are susceptible to changes in sample composition (e.g., oxidation, coagulation) during collection and storage, a potential problem for samples originating from anaerobic settings.

Passive samplers such as diffusive gradients in thin films (DGTs), are *in situ* sampling devices placed in water or sediment and have been widely used for a variety of trace metals, including Hg.^[@ref21]−[@ref31]^ A DGT device comprises a plastic casing that holds a membrane filter and diffusive gel (such as agarose) layered over a chelating resin.^[@ref32]^ The high affinity of this resin for Hg results in a concentration gradient over the diffusion gel that drives the time dependent mass uptake of soluble Hg. Rates of Hg uptake and accumulation onto the chelating resin are quantified and typically used to infer the "truly dissolved" concentration of Hg based on steady state diffusive uptake equations.^[@ref23]−[@ref27],[@ref30],[@ref31]^

Although DGTs have limitations and uncertain assumptions for inferring the dissolved concentration in water and sediment,^[@ref33]^ they have been useful for indicating the bioavailability of Hg(II) and MeHg to aquatic macroinvertebrates.^[@ref28],[@ref29]^ These samplers might also provide information on Hg(II) bioavailability for methylating microorganisms, which are believed to take up Hg(II) and convert it to MeHg intracellularly.^[@ref34]^ However, this hypothesis remains to be tested in controlled experiments. A thiolated chelating resin inside a DGT might simulate a thiolated biotic ligand that could drive Hg mass transfer across an extracellular layer of polymeric substances. Thus, we hypothesize that Hg mass accumulation onto DGTs is related to the reactive and bioavailable fraction of Hg for methylating microorganisms.

This hypothesis was tested in anaerobic sediment slurries amended with isotopically labeled Hg species of known spectrum of Hg methylation potential.^[@ref15],[@ref35],[@ref36]^ These forms included dissolved Hg(II) (Hg^2+^, Hg(II) complexed by dissolved humic acid) and particulate species (nanocrystalline HgS, Hg(II) sorbed to FeS). For each isotopically labeled Hg spike (or "endmember"), we monitored its net conversion to MeHg. Changes to Hg reactivity and speciation were assessed by three approaches: (1) cumulative uptake of Hg into the DGT sampler; (2) quantification of the 0.2 μm filter passing fraction of Hg at each time point; and (3) quantification of the GSH-extractable fraction of Hg in the slurry at each time point.^[@ref17]^ Microbial community abundance and diversity, including the Hg-methylating community, were assessed to understand differences in methylation rates between the slurry experiments.

Materials and Methods {#sec2}
=====================

Materials {#sec2.1}
---------

Enriched stable isotopes of Hg were used to synthesize stock solutions of dissolved ^204^Hg^2+^, nanoparticulate ^200^HgS (39 nm average hydrodynamic diameter), ^199^Hg(II) sorbed to aggregates (\>0.2 μm) of nanocrystalline FeS (0.95 μmol ^199^Hg per g FeS) ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf)), and ^196^Hg(II) bound to dissolved Suwannee humic acid (5 μmol ^196^Hg per mg of organic C). Preparation of these stock solutions are described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf) (SI). Measurements of ^198^Hg were used to track Hg(II) and MeHg derived from the ambient or "native" mercury of the original sediment. Dissolved stock solutions of ^202^Hg(II) and Me^202^Hg were used as internal standards to correct for method extraction efficiencies for total Hg and MeHg analysis. The measured isotopic compositions of all Hg stocks are shown in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf).

Each DGT sampler entailed a 25 mm circular plastic housing (DGT Research Ltd., Lancaster, UK) layered with a 0.45 μm nitrocellulose filter, an agarose gel diffusion layer, and a resin binding layer of thiolated silica beads supported on a polyacrylamide gel, as described previously^[@ref33]^ and in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf).

Sediment and surface water samples from two different locations were used for laboratory microcosms. The first location was a mesohaline tidal saltmarsh near the Rhodes River (Edgewater, Maryland, USA). Sediment (top 15 cm, 172 ± 7 ng g^--1^ Hg dry weight basis) and surface water were collected on 30th September 2015, were stored at 4 °C, and were used for the experiment 1 month after collection. Slurries made from these samples were designated the "mesohaline" microcosm for this study. The second site is a small (approximately 8000 m^2^) retention pond of Sandy Creek (Durham, North Carolina, USA), a freshwater stream located in an urbanized watershed and known to receive moderate amounts of legacy Hg, possibly originating from historical application of turf grass pesticides in upland areas.^[@ref37]^ The sediments (49.6 ± 6 ng g^--1^ Hg dry weight basis) were collected by hand from the edge of this pond and were used for the "freshwater" slurry microcosms within 2 days of collection on 3^rd^ March 2017.

Slurry Preparation and Experimental Design {#sec2.2}
------------------------------------------

We selected batch anaerobic sediment slurries (instead of more complex laboratory or field experiments) to test our hypothesis. Reasons for this approach were to (1) control for a range of Hg bioavailabilities and methylation potentials; (2) incorporate multiple replicates across multiple time points (from 0.5 to 7 days) and microbial communities; and (3) focus on Hg methylation while minimizing confounding factors associated with MeHg degradation.

Two sediment slurry microcosm experiments (i.e., the mesohaline and freshwater microcosms) were performed independently. In both cases, the slurries were prepared by placing 80 g (wet weight) of sediment and 100 mL of surface water in 0.2 L glass jars. The mesohaline slurries (20 individual jars) were amended with 5 μM sodium pyruvate and the freshwater slurries (15 jars) were amended with 1 mM sodium pyruvate as a means to stimulate the methylating microbial community in these slurries. The slurries were sealed with gastight screw caps and incubated at room temperature in the dark for 4 days. An additional replicate slurry with a resazurin indicator (0.001%) changed from dark pink to colorless over this time, indicating the development of anoxic conditions in the jars. After this preincubation period, all further manipulations of the slurry were performed in an anaerobic chamber with a 3% H~2~/97% N~2~ atmosphere (Coy Laboratories).

Each anaerobic jar was amended with four forms of inorganic Hg (i.e., "endmembers"): dissolved ^204^Hg^2+^, ^196^Hg(II)-humic acid, nanoparticulate ^200^HgS, and ^199^Hg(II) sorbed to FeS. The target Hg content for each endmember was within the range of 50--200 ng g^--1^ d.w. (the amount of each isotope spike was verified later by analysis of total Hg content in the slurry). The jars were shaken end-over-end for a few seconds between each Hg addition. After all Hg spike additions, a DGT sampler was added to each jar, and the jars were stored under static conditions in the dark (to avoid photodegradation of MeHg). During this incubation, the jars were mixed end-over-end once per day. Replicate jars (*n* = 3 or 4) were sacrificed periodically from \<0.5 d and up to 7 d after Hg isotope addition.

We note that results between the mesohaline and freshwater slurry experiments were not designed to be similar to each other (e.g., they utilized sediment-water from different sites and were stimulated to different extents with organic carbon). Rather, we view these slurries as distinct microbial community mixtures and geochemical compositions for us to test our hypothesis regarding the efficacy of DGTs as indicators for Hg bioavailability and methylation potential.

Microcosm Sampling {#sec2.3}
------------------

At the designated incubation time point, each jar was mixed end-over-end and held static for 10 min to allow for large particles to settle prior to subsampling in the anaerobic chamber. Porewater was collected by filtering 15 mL of the overlying water through a 0.2 μm poly(ether sulfone) filter (VWR). This filtered sample was apportioned into samples designated for total Hg analysis, major cations including Fe, sulfate, and dissolved organic carbon (DOC) analyses.

The whole slurry was then mixed end-over-end again and aliquots of the unfiltered slurry were immediately collected and frozen for later analysis of MeHg, total Hg contents, the GSH-extractable Hg fraction, dry--wet mass ratio, microbial community composition, and abundance of methylating microorganisms. The pH values of the slurries were measured at the time of sampling.

Chemical Analyses {#sec2.4}
-----------------

Procedures for all chemical analyses are described in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf). Isotope-specific MeHg and Hg contents were quantified by cold vapor inductively coupled plasma mass spectrometry (ICP-MS). Other cations were determined by conventional ICP-MS. Dry-wet mass ratio was determined by the gravimetric mass of a whole slurry sample before and after heating in an oven overnight at 105 °C.

The glutathione-extractable fraction of Hg(II) for each sample was determined as described previously.^[@ref17]^ In brief, 1 mL of whole slurry (corresponding to 0.13 g~dw~ sediment) was added to 10 mL of deionized water spiked with dissolved GSH to a final concentration of 1 mM and mixed end-over-end for 1 h. The supernatant was then collected and subjected to centrifugation (\<1150 RCF for 5 min) and passed through a 0.22 μm polyethersulfone filter. The GSH-extractable Hg for the slurry was defined as the mass concentration of Hg in this filtered supernatant minus the filter-passing Hg concentration in replicate slurries with no GSH added. The GSH-extractable Hg contents are reported by normalizing to the sediment dry weight in the slurry.

The DGT from each microcosm jar was disassembled at the sampling time point. The three layers of the DGT unit (nitrocellulose filter, agarose gel, and thiolated silica resin layers) were each digested separately in 6 mL of concentrated HCl + HNO~3~ (1:1 volume ratio)^[@ref33]^ at 55 °C for 4 h. Dilutions of these extracts were analyzed for isotope-specific total Hg content. As will be discussed later, only a small percentage of the Hg in the slurries was MeHg. Thus, MeHg content in the DGT was not measured. DGT data are generally reported as Hg mass from each isotope spike (and normalized to total Hg in the slurry for that endmember) that accumulated on the DGT resin layer for a specified incubation time.

Total Hg and MeHg contents from each isotopically labeled Hg endmember was calculated via matrix deconvolution on a Microsoft Excel spreadsheet with the measured isotopic contents of Hg and MeHg in the slurries and the measured isotopic composition of individual Hg endmembers as input values to the spreadsheet.^[@ref38]^

Microbiological Analyses {#sec2.5}
------------------------

Microbial community abundance and diversity was assessed by analysis of genomic DNA (gDNA) via 16S rRNA SSU gene sequencing, and the Hg-methylating community was quantified via PCR-based methods (qualitative broad-range, *hgcAB*; quantitative clade-specific, *hgcA*),^[@ref39]^ as described previously. gDNA was extracted following the DNeasy PowerSoil Kit with minor modifications^[@ref32]^ (Qiagen Inc., Germantown, MD). Final nucleic acid concentrations and purity were measured with a Qubit (Thermo Fisher Scientific) and a NanoDrop One (Thermo Fisher Scientific), respectively. High-throughput sequencing of the V4-5 region of the 16S rRNA gene was performed on an Illumina Miseq 2 × 300 bp system (Illumina, San Diego, CA) using universal primers IllCUs515F (GTGYC7AGCMGCCGCGGTAA) and Lee926R (CCGYCAATTYMTTTRAGTTT).^[@ref40],[@ref41]^ Sequences were joined, depleted of barcodes, and quality filtered in QIIME 1.9.1.^[@ref42],[@ref43]^ Demultiplexed sequences were then clustered into operational taxonomic units (OTUs) following a uclust-based^[@ref44]^ open-reference OTU picking method^[@ref45]^ in QIIME. Sequences were queried against the Greengenes 13_8 reference database at 97% sequence similarity cutoff. Chimeras were removed and QIIME outputs were further analyzed in MEGAN6.^[@ref46]^ Hg-methylator presence (*hgcAB*^+^) and clade-specific Hg-methylator abundance (*hgcA* gene) were determined by PCR (5 ng template per reaction) and qPCR (100 pg template per reaction), respectively, as previously described.^[@ref39]^ Amplicons for *hgcAB* were confirmed by TA cloning (Thermo Fisher Scientific) and sequencing (Eurofins Genomics, Louisville, KY) with the degenerate primers, following manufacturer's protocol. In all cases, the best BLAST hit for a sequence in the NCBI nucleotide database was to *hgcAB*, indicating that the PCR hybridization was to the target gene and was not a false positive.

Results and Discussion {#sec3}
======================

Hg Isotope Spikes Differ in the Extent of Net Methylation {#sec3.1}
---------------------------------------------------------

The amount of net MeHg production depended on the initial form of Hg that was added to the slurry ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), where the %MeHg values were calculated from MeHg and total Hg values measured in the slurries ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf)). Overall the percentages of total Hg that was converted to MeHg were greater for the initially dissolved Hg endmembers (^204^Hg^2+^, ^196^Hg-humic) and lower for the initially particulate endmembers (^199^Hg-FeS, nano-^200^HgS, native Hg) in both the mesohaline and freshwater slurries ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A and B). This trend is generally consistent with previously published sediment culture studies,^[@ref15],[@ref16],[@ref47]^ with some minor differences.

![Net production of methylmercury (MeHg) from each isotopically labeled endmember of inorganic Hg added to (A) mesohaline sediment microcosms and (B) freshwater sediment microcosms. Each time point represents the average (± std error) of 4 and 3 replicate slurries for the mesohaline and freshwater experiments, respectively. The percentages are based on measurements of total Hg and MeHg contents in the whole wet slurry of each replicate jar (sacrificially sampled at that time point).](es-2018-006472_0001){#fig1}

For example, the fractions of MeHg produced from the dissolved ^204^Hg^2+^ and ^196^Hg-humic acid endmembers were approximately equal in both slurry experiments ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A and B) whereas in the work of Jonsson et al.,^[@ref35],[@ref47]^ a greater proportion of dissolved Hg^2+^ was methylated relative to the Hg-humic endmember. A potential explanation for this difference is that we utilized a relatively high Hg:organic carbon ratio for our ^196^Hg-humic acid endmember, resulting in Hg predominantly bound to high abundance, weak ligand sites (e.g., carboxylates) rather than low abundance, strong ligand sites (e.g., thiolates) on the humic acid.^[@ref48]^ Thus, the speciation of both dissolved Hg endmembers changed to similar chemical forms soon after they were added to the slurries, and this change would depend on the slurry conditions. Also, the slurries for this study and for previous studies all differ in terms of the microbial community composition and activity of the methylating community, highlighting the multiple factors that influence overall Hg methylation rates. Regardless of these complexities, the methylation results in the mesohaline and freshwater microcosms demonstrate a spectrum of methylation potentials by the added isotope tracers.

We used the ^198^Hg isotope to track net methylation of the native Hg in the sediment samples (assuming that the isotopic composition of the native Hg follows the natural distribution). In both mesohaline and freshwater slurries, the percentage of the native Hg as MeHg was lower than the Hg isotope spikes, suggesting that the native Hg had lower bioavailability than the spiked Hg isotopes. However, we also note that a fraction of this native Hg was already in the form of MeHg due to naturally occurring MeHg at the sampling site or production of MeHg during the 4 day preincubation step prior to Hg isotope addition. MeHg degradation processes were also occurring in these slurries, and one might expect that demethylation would have a larger impact in controlling %MeHg values of the native Hg (comprising a mixture of MeHg and inorganic Hg at the initial time point) compared to the other endmembers that were added as inorganic Hg species. Altogether, this distinction with the native Hg, as compared to the spikes, highlights the fact that %MeHg values represent a balance between Hg methylation and MeHg demethylation processes and the net methylation data of the isotopic spikes are not necessarily fully comparable to native Hg. Thus, further analyses of these data focus only on the Hg isotope spikes and exclude measurements of the native Hg fraction.

Hg Isotope Spikes as Quantified by DGTs, Filtration, and GSH-Selective Extraction {#sec3.2}
---------------------------------------------------------------------------------

Similar to the MeHg data above, the reactivity of Hg (quantified by the DGT or by GSH selective extraction) and partitioning of Hg between solid and aqueous phases varied accordingly with the isotopically labeled endmember species. For the DGT approach, the mass uptake of Hg on the DGT for each endmember (reported as a percentage of total Hg in the slurry from that endmember) was larger for the initially dissolved Hg endmembers (^204^Hg^2+^ and ^196^Hg-humic acid) than the initially particulate endmembers, in both the mesohaline and freshwater slurries ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A and B). Lower percentages of Hg on the DGTs were observed for the initially solid phase endmembers (^199^Hg-FeS and nano-^200^HgS). No difference (one-way ANOVA) was observed between the dissolved Hg and Hg-humic acid endmembers for DGT contents, even though the diffusion coefficients of low molecular weight Hg(II) species (e.g., Hg(OH)~*x*~^2--*x*^, HgCl~*x*~) are two times that of Hg(II)-humic complexes.^[@ref10],[@ref26]^ These results provide additional indication that the speciation and reactivity of these dissolved Hg endmembers were similar in the slurries even though they originated from different initial forms. Therefore, we emphasize that uptake of the individual Hg endmembers into the DGTs was not necessarily as their original chemical form, especially the initially particulate Hg endmembers that contribute to the bioavailable Hg pool by releasing soluble Hg at the interface of a microbial cell (or surface of a DGT sampler).

![(A, B) Hg mass accumulated on the thiolated DGT resin layer (reported as a percent of total Hg in the slurry) for each isotopically labeled Hg endmember added to sediment slurry microcosms. (C, D) Percentage of total Hg in filtered pore water (\<0.2 μm). (E, F) Percentage in the GSH-extractable fraction, as determined by selective extraction with 1 mM glutathione (GSH). Each time point represents the average of 4 and 3 replicate microcosm slurries for the mesohaline (A, C, E) and freshwater (B, D, F) microcosms, respectively.](es-2018-006472_0002){#fig2}

The percentage of Hg in the 0.2 μm filtered pore water fraction ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C and D) and GSH-extractable fraction ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E and F) also varied between the different Hg isotope spikes, and the conclusions were less clear than those determined with DGT. Specifically, in the mesohaline slurry, the percentages of the sorbed ^199^Hg-FeS endmember in the filtered porewater fraction was the least for all the forms, a result that could be expected of solid-bound forms of Hg that would be captured by the filter. However, we also observed that the percentage of the nano-^200^HgS endmember in the filtered porewater was similar to the percentages of the dissolved ^204^Hg^2+^ and ^196^Hg-humic endmembers in the filtered porewater ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C), an unexpected result based on what had been observed with the DGTs. In contrast, in the freshwater slurries, greater percentages of the ^204^Hg^2+^ and ^196^Hg-humic isotope spikes (0.05 to 0.2%) than the particulate ^199^Hg-FeS and ^200^HgS isotope endmembers (0.01 to 0.04%) were observed in the filtered porewater fraction ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D), consistent with the DGT data.

The GSH-extractable Hg contents were also inconsistent with observations by the DGTs. In the mesohaline slurries, the GSH-extractable Hg content was similar for each isotope endmember at each time point. In contrast, GSH-extractable Hg in the freshwater slurries were generally greater for the dissolved Hg endmembers (2--4%) than the particulate Hg endmembers (1--2%).

We note that the accumulation of the various Hg endmembers on the top layers of the DGT (i.e., the 0.45 μm filter and agarose gel) did not correlate with observed accumulation on the thiolated resin layer ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf)). For example, the nano-^200^HgS endmember had the largest proportion on the filter layer in the mesohaline slurry even though this endmember was one of the lowest to accumulate on the resin layer. In a prior publication it was demonstrated that nano-HgS did not diffuse across agarose gel as a particle. Hence for deposition of ^200^Hg from nano-^200^HgS to occur in the resin there must have been dissolution of the nanoparticle at the gel interface. Likewise, the ^196^Hg-humic acid endmember showed the largest percentage in the agarose gel layer of the DGTs relative to the other endmembers, suggesting that this form was able to remain dissolved in the slurry while the others (such as the dissolved ^204^Hg^2+^ endmember) likely partitioned to solid phases immediately after addition to the slurry. Collectively, the differences between the Hg endmembers supports the suggestion that Hg accumulation on the thiolated resin layer of the DGT cannot be simply modeled by a diffusive uptake process based on a dissolved concentration gradient from bulk porewater and across the gel layer due to the predominance of Hg in the particulate form in sediments.^[@ref33]^ Rather, uptake into the sampler depends on the reactivity of Hg in the slurry (including Hg bound to solid phases) for release of soluble Hg at the DGT surface. For these reasons, we did not use the Hg mass uptake data with the DGTs to calculate the "truly dissolved" Hg concentration.

Correlations between Hg Methylation and Hg Reactivity {#sec3.3}
-----------------------------------------------------

For each time point, the percentage of Hg as MeHg from each endmember was compared to the percentage accumulated on the thiolated resin layer of the DGT, in the filtered pore water fraction, and the GSH-extractable Hg fraction ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). In both the mesohaline and freshwater slurries, correlations between the %MeHg and %Hg accumulated on the DGTs were observed (*R*^2^ ≥ 0.7) for each time point of the experiment (from 0.5 to 7 days).

![Percentage of total Hg as MeHg at each time point in the mesohaline microcosms (A, C, E) and the freshwater microcosms (B, D, F) plotted with (A, B) percent of total Hg in the slurry that accumulated on the DGT; (C, D) percent in the \<0.2 μm filtered fraction; and (E, F) percent in the GSH-extractable fraction. For each time point category, each data point corresponds to the average across replicate microcosms for a single isotopically labeled Hg spike (^204^Hg^2+^, ^196^Hg-humic, ^199^Hg-FeS, or nano-^200^HgS).](es-2018-006472_0003){#fig3}

Correlations of %MeHg with the percentage of Hg in the filtered pore water fraction (i.e., filtered Hg) or with the GSH-extractable fraction were mixed and generally weaker in the mesohaline slurries than the freshwater slurries. For example, *R*^2^ values were \<0.1 in plots of %MeHg versus filtered Hg in the mesohaline slurries ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C), while *R*^2^ values for the freshwater slurries were greater than 0.8 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D). We also observed that the filtered Hg values in both slurries were not increasing with incubation time ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C and D) even though the %MeHg value were increasing with time. The freshwater slurries likely contained greater amount of small Hg-bearing particles that could fall in the filtered fraction compared to mesohaline slurries where the higher ionic strength would be expected to destabilize colloidal particles. Therefore, the relevance of this filtered Hg fraction for Hg bioavailability remains uncertain, as suggested by previous reports concluding that filtered porewater Hg content is a poor indicator of Hg bioavailability.^[@ref15]−[@ref17],[@ref29],[@ref35]^

The relationships between %MeHg and the GSH-extractable fraction were also mixed, with weak correlations observed in the mesohaline slurry ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}E, *R*^2^ \< 0.2 for each time point) and stronger correlations observed in the freshwater slurries ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}F, *R*^2^ \> 0.8). This result is inconsistent with our previous study^[@ref17]^ proposing the GSH-extractable Hg fraction as an indicator of Hg bioavailability. A key difference with the mesohaline slurry (compared to the freshwater slurry and the previous report by Ticknor et al.^[@ref17]^) is that the %MeHg values were less than the %GSH-extractable values, suggesting that factors other than the reactivity of Hg in the bulk slurry (i.e., low microbial abundance and activity) might have limited methylation rates in the mesohaline slurries.

Differences in Biogeochemical Conditions between Slurry Microcosms {#sec3.4}
------------------------------------------------------------------

The extent of net Hg methylation in the mesohaline slurries was approximately 10 times less than net Hg methylation in the freshwater slurries ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) due to the drastically different conditions between the two experiments. During slurry preparation, far less pyruvate was added as a carbon substrate to the mesohaline slurries (5 μM) than the freshwater slurries (1 mM). The slurries were also dissimilar in geochemical characteristics relevant for Hg and microbial community composition. For example, sulfate concentrations in the mesohaline slurries were over 500 mg L^--1^ when the Hg isotopes were added and decreased to approximately 350 mg L^--1^ over the 1 week incubation ([Figure S4A](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf)), while in the freshwater slurries dissolved sulfate was less than 1 mg L^--1^ with no measurable change during the experiment. In contrast, dissolved Fe concentration was low (\<0.2 mg L^--1^) in the mesohaline experiment and increasing in concentration (from 20 to 40 mg L^--1^) in the freshwater slurries ([Figure S4B](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf)). During the course of the experiment, the pH was 7.0 (±0.1) and 5.3 (±0.2) in mesohaline and freshwater slurries, respectively. Altogether, these two slurry microcosms differed in the major forms of metabolism (e.g., sulfate- versus iron-reducing microbes), which has implications for the production of metabolites such as inorganic sulfide that change inorganic Hg(II) speciation during the incubation. The relative concentration of sulfide would also influence MeHg speciation, as previous studies have suggested that abiotic MeHg decomposition can occur in sulfidic environments.^[@ref49]−[@ref54]^

Differences in Microbial Community Composition between the Microcosms {#sec3.5}
---------------------------------------------------------------------

Just as geochemical conditions can markedly influence MeHg production rate and extent, so too can the presence and abundance of different methylating species, with Deltaproteobacteria isolates showing the highest and methanogen isolates showing the lowest Hg methylating potential.^[@ref9]^ Thus, the substantial variations in Hg methylation rates between the mesohaline and freshwater slurries could also be due to the different methylating communities ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf)), which did not appear to significantly change over the duration of the experiment ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf)). The dominant microbial classes across both environments included: Bacilli (mesohaline (M) ∼20%; freshwater (F) ∼10%), Alpha- (M 5%; F ∼10%) and Gammaproteobacteria (M ∼10%; F ∼25%), unclassified (M ∼20%; F \<10%), and environmental (M \<5%; F ∼15%) bacteria, and Actinobacteria (M/F ∼10%). For the major groups of Hg-methylators, *Clostridia* spp. constituted ∼1% in both environments, while the Methanomicrobia (M ∼2%; F ∼0.1%) and Deltaproteobacteria (M ∼0.1%; F ∼1%) showed opposing trends. Combined, potential Hg-methylators constituted at most ∼2.5--4.5% (mesohaline) and 1--2% (freshwater) of the community, confirming previous findings that Hg-methylators constitute a small fraction of the total microbial community^[@ref8]^ and yet have a great impact on MeHg production.^[@ref55]^

However, 16S rRNA gene sequencing cannot provide reliable and robust identification of Hg-methylator diversity and relative abundance.^[@ref55]^ When comparing percent Hg-methylators in the samples, the mesohaline had more potential methylators, but the MeHg concentrations (as a percent of total Hg) for the mesohaline samples where about 10-fold less, regardless of Hg endmember. This observation suggests that even if Hg bioavailability is taken into consideration, MeHg production potential of an anaerobic microbiome is not solely dependent on methylator abundance but is likely in combination with other factors, including transcript/protein abundance, hydrobiogeochemistry, and geochemistry as discussed above.

To better characterize the Hg-methylating community, PCR-based techniques targeting *hgcAB* (qualitative) and *hgcA* (quantitative)^[@ref39]^ were applied. For all samples, *hgcAB* was confirmed via a correctly sized PCR-product (data not shown). Additionally, a subset of PCR product was cloned and sequenced and positively identified in the nucleotide NCBI database as *hgcA,* most often from uncultured microorganisms (data not shown). For the mesohaline and freshwater samples, *hgcA* genome copy number (per template comprising 5 ng DNA) was empirically determined: Deltaproteobacteria (M 1330 (±280) × 10^4^; F 6.9 (±6.57) × 10^4^), Firmicutes (M/F below detection, \<100), and methanogenic Archaea (M below detection, \<10^3^; F 6.6 ± 1.0 × 10^3^) ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf)). It is worth noting that the raw value cannot be compared among clades.^[@ref39],[@ref55]^

The qPCR results are notably inconsistent with the potential methylator results observed by 16S rRNA gene sequencing, a discrepancy that also has been observed in other recent studies.^[@ref55]^ However, the PCR results are consistent with expectation in that Deltaproteobacteria were greater in the mesohaline samples than in the freshwater samples, while methanogenic Archaea were greater in the freshwater samples than in the mesohaline. Firmicutes were not found with the PCR method in either experiment, likely due to limitations of the protocol that is known to target sulfate-/sulfite-reducing Firmicutes and not fermenting strains (i.e., Clostridia).^[@ref39]^ These results highlight the differences between the two slurry conditions and the composition of the methylating microbial community and that the rates of methylation (per unit of bioavailable Hg) would be influenced in part by the community makeup.

Implications for Monitoring for Hg Bioavailability and Methylation Potential {#sec3.6}
----------------------------------------------------------------------------

Overall, the %MeHg values from the Hg isotope spikes correlated with the DGT data for both slurry experiments while correlations of %MeHg with the filtered porewater Hg and GSH-extractable Hg were observed only in the freshwater experiments. Furthermore, methylation rates were approximately 10 times faster for the freshwater than for the mesohaline experiment even though Hg bioavailability (as indicated by DGTs) was similar in both slurries. This difference in methylation rates was not explained by the genomic sequencing and *hgcA* gene abundance data. Further work in assessing the activity of the methylating community is needed.

While the DGTs produced better correlations with net Hg methylation than the other measures of bioavailability (i.e., filtered Hg and GSH-extractable Hg fractions), it is important to note that the DGT data are cumulative over the incubation time while the other two methods represent measurements at discrete time points. This distinction could be important in settings where Hg speciation is changing with time, as it likely was changing in the slurries. For example, the mesohaline slurry experiment showed a large change in sulfate concentration over 5 days (Δ\[SO~4~^2--^\] ∼ −150 mg/L or −1.6 mM). The production of sulfide can change the speciation of Hg isotopes and their reactivity during the incubation period.^[@ref12]^ Our previous work has shown that the bioavailability of Hg associated with freshly precipitated Hg-sulfide particles depends on the age of the particles, and conventional filtration methods do not adequately fractionate these forms.^[@ref15],[@ref33]^

In the freshwater slurries, we did not observe measurable changes in sulfate. Thus, we hypothesize that sulfide precipitation was less important for Hg speciation. Moreover, the total Hg content in the slurry appeared to increase with time during the freshwater experiment and not in the mesohaline experiment ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf)). Measurements of Hg contents in the headspace are not available to complete the mass balance. Nevertheless, there may have been production and evasion of Hg^0^ in the headspace of the jars that slowly repartitioned to the slurry over time, replenishing the bioavailable pool that could be measured by the DGT, filtration, and GSH-extraction methods.

In summary, the results support the use of DGTs in tracer studies to track changes in bioavailability of various endmembers for methylating microbes. This study also shows that measurements of net Hg methylation potential in water and sediments require more than DGTs (or other similar measures of inorganic Hg reactivity). For example, MeHg degradation potential is an important component of net MeHg production. The slurry experiments in this study were relatively short (few days); thus, we believe that changes in MeHg concentration for the isotope spikes were dominated by Hg methylation processes rather than MeHg degradation processes for this time scale. In real settings, however, both methylation and demethylation processes would need to be considered in assessing the overall net MeHg production potential. Moreover, fluctuations of water chemistry and microbial community composition in the environment could also alter inorganic Hg speciation and bioavailability, and future testing of DGTs under field conditions and for longer time scales are needed. These field tests will need to quantify or control for gradients in activity of the Hg-methylating community and processes of MeHg degradation. In this respect, the slurry experiments described here with Hg-isotope spikes enabled an assessment of the DGTs and other measures of Hg bioavailability in a simulated environment that controlled for biological growth conditions and MeHg decomposition rates. With measurements of microbial processes as well as Hg bioavailability, researchers and site managers can improve their understanding of the factors controlling Hg methylation potential at field sites and predict how perturbations such as remediation and climate change might alter MeHg production.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.est.8b00647](http://pubs.acs.org/doi/abs/10.1021/acs.est.8b00647).Additional descriptions of materials and methods, isotopic composition of Hg stock solutions, total Hg, MeHg, sulfate, and dissolved iron contents in slurries, and results of the microbial community sequencing and qPCR ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b00647/suppl_file/es8b00647_si_001.pdf))

Supplementary Material
======================

###### 

es8b00647_si_001.pdf

The authors declare no competing financial interest.

We thank Grace Schwartz for collection of sediment and water samples. This study was supported by research grants from DuPont and the National Institute of Environmental Health Sciences Superfund Research Program (R01ES24344).
